Thermophysical properties of the Ni-based superalloys CMSX-4, IN738LC, and MM247LC have been measured in the liquid and high-temperature solid phase. Properties included calorimetric, thermal transport, the surface tension, and the viscosity. Experiments have been performed in ground-based laboratory using classical calorimetry and rheometry as well as under reduced gravity conditions in an electromagnetic levitation device on board parabolic flights. In this contribution, an overview of the various properties of three Ni-based superalloys is given with emphasis on the surface tension and viscosity as obtained from the parabolic flight experiments. The measurements were performed within a program called ThermoLab dedicated to the measurement of thermophysical properties of industrial alloys.
Introduction
Modelling of casting and solidification processes is becoming of widespread use in the industry [1] and commercial software tools are now available to this purpose allowing improved efficiency in materials design [2] . The application of this programme is often hampered by the lack of reliable thermophysical property values of liquid metals which are needed as input parameters for the computational models [3] . In this respect, there is a discrepancy between the ever increasing sophistication of the calculational models and computer power, and the availability or accuracy of the thermophysical property values in the liquid phase. The paucity of thermophysical property data is owed to the high chemical reactivity of many metallic alloys in the liquid phase. This holds in particular for high-temperature alloys such as Ti alloys and Ni-based superalloys but also for some low-temperature light-weight alloys such as the Mg and Li alloys, which are of interest to the automotive industries. For many metallic alloys of technological relevance, this chemical reactivity will affect the results of thermophysical property measurements where the liquid is in contact with a containing surface, or will make these measurements impossible altogether. Moreover, due to the high oxygen affinity of many liquid metals, the processing atmosphere may affect the outcome of measurements of properties like the surface tension or the viscosity.
The ThermoLab project aims at providing high-quality data for thermophysical properties related to the numerical modelling of industrial casting and solidification processes. The program includes thermophysical property measurement in groundbased laboratory using classical calorimetric and rheological techniques as well as containerless methods based on electomagnetic levitation under reduced gravity conditions [4] . In addition, the project is concerned with the thermodynamic modelling of thermophysical properties. In this contribution, an overview is given of typical thermophysical property values of Ni-based superalloys obtained in this program with emphasis on the surface tension and viscosity obtained by the oscillating drop method under reduced gravity conditions on board parabolic flights.
Experimental Elements
The ThermoLab project endeavors to provide an as complete as possible thermophysical characterization of a variety of industrial alloys. The feasibility of this goal using conventional thermoanalytical equipment --where the specimen are in contact with a containing surface --depends on the alloys and the properties to be investigated. For the Ni-based superalloys container wall reactions, for example, in classical calorimetric devices are not as critical as, for instance, for Ti-alloys. However, properties like the surface tension which is rather sensitive to the presence of surface active elements may be more susceptible to contamination from container reactions. Thus, the ThermoLab project tries to combine whenever possible classical thermoanalytic methods with containerless processing techniques based on electromagnetic levitation and, in addition, use a reduced gravity environment whenever this particular property is required for a certain measurement technique which can not be performed quantitatively in ground-based electromagnetic levitation [5] . One such property is the viscosity which in ground-based electromagnetic levitation can not be measured by oscillating drop method because of the presence of turbulent fluid flow in the specimen [6] . Here, we describe in short measurements of the surface tension and the viscosity by the oscillating drop method in an electromagnetic levitation device as have been performed in a series of parabolic flight experiments.
Parabolic flights provide about twenty seconds of reduced gravity. The specimen is positioned by an electromagnetic quadrupole field, and inductively heated by a dipole field of frequencies 240 and 320 kHz, respectively. The twenty seconds of reduced gravity are sufficient to melt, heat a specimen into the liquid phase, and cool to solidification. In the cooling phase after the heating field is turned off, magnetic field pulses are applied to excite surface oscillations. These pulses have durations of typically 0.10 -0.30 seconds. In Figure 1 , the temperature-time profile of processing a CMSX-4 specimen on a parabolic flight is shown with 1: melting and heating into the liquid phase; 2: cooling after turning off the heater field; 3: excitation of surface oscillations by magnetic field pulses; 4: solidification.
The frequency and the damping time constant are evaluated from the optical recording of the specimen shape by two 100 Hz frame rate analog cameras in the top and radial position with the top position defined by the axis of the dipole field. In the meanwhile the 100 Hz frame rate analog cameras have been replaced by 150 Hz digital image recording cameras. The frames from the analog recordings were digitized and analyzed by a dedicated software. In Figure 2a , the time variation of the specimen diameter is shown, and in Figure 2b , the Fourier transform of a 1.24 second time slice. The spectrum exhibits a single peak as it is to be expected for a non-rotating force free non-rotating specimen. Under force-free conditions, the surface tension σ can be evaluated from the oscillation frequency ν according to the Raleigh formula:
with M the specimen mass. The viscosity is evaluated from the damping time constant τ of the surface oscillations with R the specimen radius:
The optical recording of the specimen shape allows the evaluation of the center of gravity movement from which the Cummings [ 7 ] correction of the Raleigh frequency can be derived. Under the condition of the parabolic flight, the Cummings correction originating from the magnetic field pressure of the position field amounts to at most a reduction of 2 % of the value of the surface tension at the liquidus temperature.
Results

Calorimetric Properties
In Table I , the solidus and liquidus temperatures and of the enthalpy of fusion of the alloys investigated are shown. The numbers present an average of results obtained in three different laboratories by high temperature calorimetry. The results from the three participating laboratories agreed within 5 K. Liquidus temperatures were obtained from heating rate dependent measurements and extrapolating to zero heating rate. The solidus temperatures were obtained from the onset of melting on heating because the specimen exhibited a variable degree of undercooling as shown in the DSC trace of Figure 3 for the alloy MM247LC heated and cooled with R = 20 K/min.
The enthalpy of fusion was obtained by comparison of the HTDSC melting curve area with the one of high purity Ni and, by scaling of the calorimeter sensitivity curve from The fraction solid as a function of temperature is an important parameter in solidification modelling. Its measurement, on solidification is, however, complicated by the presence of a variable degree of cooling rate dependent undercooling. In Figure 4 , the fraction solid on heating is shown for different heating rates. The curve termed "0 °C/min" is the result of an extrapolation procedure. The temperatures at which a given solid fraction occurs at various heating rates were linearly fitted and extrapolated to zero rate. The set of temperatures obtained was then fitted using a polynomial, resulting in the curve labelled "0 °C/min". This procedure is suitable to determine the solid fraction corresponding to the equilibrium phase diagram. The thermal diffusivity of CMSX-4 was measured in the liquid and the solid phase by the laser flash method. The thermal diffusivity in the solid phase as a function of temperature is shown in Figure 5 . Measurements were performed during the heating cycle at first and then during the cooling cycle at intervals of 100 K over the temperature range between room temperature and the temperature just below the liquidus temperature. The measurement was repeated three times at each temperature, and four runs were carried out to confirm the reproducibility.
Thermal diffusivity is a structure sensitive property. As such, it is expected to depend on the thermal history of the experiment because of the sluggish structural changes. In order to investigate the effect of the thermal history on the thermal diffusivity, isothermal annealing measurements were performed. The sample was kept at 1573 K, 1403 and 1277 K for 12 hrs, and the time evolution of the thermal diffusivity was measured. Variations of about 10 % were observed on a timescale of 1 -8 hrs annealing time which is related to structural changes. At the lower annealing temperatures, a coarsening of the γ' phase was observed in SEM. The thermal diffusivity, λ, of CMSX-4 in the liquid phase exhibits a constant value in the 
Surface Tension From Parabolic Flights
The surface tension of CMSX-4 as a function of temperature obtained from the parabolic flight experiments is shown in Figure 6 . The oxygen concentration of the specimen prepared for the parabolic flight and of the processed specimen were analyzed by the LECO hot gas extraction method giving 43 and 51 wt ppm oxygen, respecitely. In Table II , an overview of the surface tensions and the temperature oscillating drop parabolic flight surface active elements such as oxygen. Because the oxygen concentration of the specimen processed on the parabolic flight is close to that of the starting concentration the value obtained from the parabolic flight experiments is considered as the best available.
Viscosity from Parabolic Flight Experiments
The viscosity from the parabolic flight experiments was evaluated from the damping time constant of surface oscillations as shown in Figure 2 and Eq. 2. In Figure , an Arrhenius plot of the viscosity of the IN738LC alloy is shown according to:
with η o the prefactor and ∆E a the activation energy for viscous flow. In Table III , the constants of the Arrhenius plots of the viscosities of the alloys CMSX-4, MM247LC , IN738LC and C263 are shown. The Ni-Al bianary alloy system forms the basis of several more complex industrial alloys among these the Ni-based superalloys. It is, thus, of interest to have available models allowing to predict the surface tension and also the viscosity as a function of composition for a whole class of alloys. The modelling starts with the basic binary alloy which is then extended to the more complex industrial alloys. In Figure 8 , the surface tension isotherm at T = 1640 °C of Ni-Al is shown for the different models. The theoretical results are compared to experimental values of three different Ni-Al compositions obtained in a recent parabolic flight experiment as shown in Table IV . 
Thermodynamic Calculations
In addition to the HTDSC measurements, numerical calculations of the various thermodynamic properties investigated have been performed for the CMSX-4 alloy using the ThermoCalc program [6] . The most advanced commercial thermodynamic database, the TTNi-Data from Thermotech UK, has been employed in the calculations. This database includes almost every component present in the specimen, except Mn, Si and Fe. These latter elements have then been neglected in the calculations. The phase stability regions are shown in Figure 9 . 
